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GAIN-AH8IHTED HOLOGRAPHIC {STORAGE MEDIA 


by 

Robert A. Gunge mul Reuben M. Me/, rich 
RCA Laboratories 
Princeton, New Jersey 085*10 

SUMMARY 

The objective of thin research wan to devise and investigate techniques for using deformable 
insulating films as the storage medium in a high-speed, rundom-aeeess, read/write hologruphic 
memory. This included a search for solutions to the general problems associated with conven- 
tional thermoplastic-photoconductor systems, such as fatigue and uniform charging prior to ex- 
posure, as well as the specific problem of selective addressing, i.e., heating only one hologram 
area out of many thousands of such areas. 

The fatigue mechanism was studied and a model was proposed that explained the failure of 
conventional thermoplastics. This model led to the discovery of a new material — microcrystal- 
line wax — which was found to be free of fatigue up to at least 7000 cycles. 

Improved corona-charging techniques were developed during the course of the work, and a 
method of charging with a space-charge-neutralized glow discharge was demonstrated. 

The feasibility of selective heating by a light-addressed return electron beam was demon- 
strated, but problems with cesium contamination of the storage medium prevented the develop- 
ment of a practical operating device. Cesium induced conductivity of the insulating surface and 
also prevented photoemissive charge patterning. 

A fundamental result of our research established the fact that no deformable film medium 
which uses heat to soften the material can be cycled at a frequency greater than the reciprocal 
of about 1000 times the heating time without excessive heat build- up at a location subjected to 
continuous erase-write operation. 

A device consisting of a substrate, transparent conductor, photoconductor and a micro- 
erystalline-wax insulating film was fabricated in which holograms were written over a 2 cm by 2 cm 
area by thermal biasing and direct laser-beam heating. 

The main conclusion which we have drawn from this research program is that deformable 
media which employ heat in the recording process are not satisfactory for use in a high-speed 
random-access read/write holographic memory. They are, however, a viable approach in 
applications where either high speed or rundom access is not required. 
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I. INTRODUCTION 


in rnnont substantial work has occurred in Um field of holographic storage merlin. 'I h» 

work ban been oriented toward the development of a material suitable for use in holographic datn- 
atormie avnlemn. The requirement* impoHod on the storage medium by sueh a nyatem have proven 
to he a, were, on Indicated by the fact that no material has been discovered to date which antmf.cn 
all of the requirement* neeeaaary for realiatic ayatem operation. By way of intrndm lion 
progress achieved at the RCA Laboratorlea toward developing auch a material, a brief outline m 
given below of the varioua requirementa impound by the ayatem on the atorago medium. 


A. Writ-.' Sensitivity 

In a practical ayatem laacr power is at a premium; proaent laser technology provides for 
power of the order of 1 to 10 W in a useful line (single frequency) of reasonable coherence. U « 
denotes the system loss in laser light through the deflector, hololens, optical components and page 
composer, and h denotes the diameter of the hologram at the storage medium, then the sensitivity 

S required of the storage medium (J/m 2 ) is 


S 


4eo 

7h 2 


( 1 ) 


where e is the available laser energy. The hologram dimension at the storage medium equals the 
diameter of the Airy disk ~2XL/b (rectangular aperture), with X the wavelength of the laser Ugh , 

L the focal length of the lens, and b the width of the page composer and photodetector elements. 
Since the area of the page composer tt0 2 /4 (0 *» page composer diameter) equals (bN/tj pc ) , where 
N 2 is the number of bits per page and r, pc is the spatial duty factor of the page composer elements 
it follows that trh 2 - (8XLN/(3„ pc ) 2 . Noting that L/fi is the F-number (#) of the lens, the system 
requirement on storage material sensitivity is 


S < ec 


J*pc _\ 2 

2X#N/ 


( 2 ) 


B. Read Efficiency 

In addition to adequate write sensitivity, the storage material must be capable of diffracting 
the light sufficiently for adequate signal to noise at the detector. If g is the minimum energy per 
bit necessary at the detector, r p the reading time and P the average available read power, then the 
readout efficiency (f) of the storage material must be Buch that 

, . gN 2 _ (3) 
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Material Fatigue 


A malarial nullable for holograph^ rend/write storage m uot be able to have information writ- 
ten and craned without any appreciable change in ilm material's properties. The inahiiity of tradi- 
tional thermoplastic typo materials to maintain molecular Integrity during repetitive electrical 
alteration of their information content him proven to hi* a formidable problem area, In typical 
read/wrile memory operation, ritteh fatigue ralneii the temperature required to write iufonuatlou 
into the storage material. In traditional materials, a thermoset temperature In reached beyond 
which the medium censes to operate an a holographic storage material. The oniiet of thin fatigue 
in Irrevernihle and may typically occur anywhere between ten and neveral hundred read/write cyclen. 
Clearly, the uhneuce of nuch fatigue in a major requirement on any storage material for line in an 
electrically alterable holographic-memory nyntem. 

D. Sputial Resolution 

Information in written into the storage medium by spatially modulating one of two coherent 
laser beams, and .<uperimposing these beams at the desired storage location. The beams interfere 
and produce an intensity (1) with a spatial variation of the form 

I u 1 Q 11 + cos kx (sin + sin (1 2)1 (4) 

where I 0 is some constant, (0^ + 0^) the angle between the two beams, k the wave number T 
the laser light, and x the distance along the surface of le storage mater Li. Equation (4) shows 
that the storage material must be able to respond to spatial variations whose period D is of the 
order of 


D ~ X/(sin0 ^ + sin<? 2 ) (6) 

where X ° 2n(k is the wavelength of the laser light. Analysis of the resolution one obtains upon 
reconstruction of the stored image shows that for typical object and system dimensions, (0 ^ + 0g) 
is of the order of ir/6 to rr/4 radians so that the storage material must be capable of retaining 
spatial variations of the order of the wavelength (X) of the laser light. This material bandwidth re- 
quirement also restricts the thickness of thermoplastic materials (ref. 1) to a maximum value of 
about D/2. 


E. Temporal Response 

Another requirement which the system places on the storage bandwidth is that of temporal 
bandwidth. The cycle time of the memory includes both the erase time and the write time as well 
as the read time. In storage media using heat, the heating and cooling times must also be considered. 


F. System Compatibility 


A muulrnmnnl oftnn ..vorlookw) In thn I'hotcn of n nmlJTi.il fur holugmphlo ronmnry nppH™- 
tin™ I. Mm uompntlhlllty nf thn roi.tntl«l with thn nyntmu In whlnh It In goto,, to bn uml. I'm «...mpln, 
utorngn nmb<rli.l mny Imvo ndnquitto writ" imiwltlvlty in lmm» of nnnruy. but mqulrn tin. „pp«™tl..n 

of tli In nnnruy In tlron Inlnrvnl. not mnllnnhln with nnlnUng or fomwhln Innnr gy. Anotbnr 

..u nn. pin |„ mntnrlriln whlnh mny «\tl»fy nil of U»> »b.rnnn rnqulrnmonln. hut whlnh bnvn n 

nllhnr In thn Infriund or ultrnvlolut purl of thn ruin whom Aoflonlnr or .IHnnlor Innoiu- 

[mtlblllty muy r x lot. iVrhupn thn modi oftnn unnnunlnmd nxnmpln ol tiynh'111 I", ompallbllll.v in woo 
thn mntnrlul .utlufln. nil of thn llnflllllblo nrlUwhl, but dun, no only ovnr imum of Ihn nnlor of imiuim 

mllllmoUirs. lit nuch un InnUmno, thn roqulmmnnt for uruiin of ninny wiuum i».ntlninlnrii provro 

a formidlble, if not impossible tusk. 


U. Summary 

The requirements Imposed by the system on a holographic -storage material us discussed above 
have proven to be formidable. Of the various kindB of materials considered for use in situ in u 
reud/write holographic optical memory, thermoplastics have emerged as a possible candidate. Such 
materials have been extensively Investigated at RCA Laboratories, and have been found to satlsiy 
some of these requirements. Therefore, a brief description of the use of thermoplastic materials lor 
recording holograms is given in the following section. 
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II, TIIKIiMOI'l.AHTIC’H 


A. hilrndui'lion 

Tin* deformation of I ht •riii< i«> iiiulerinli. In response It* pullerm of i*l**ct ricnl i.iiirge on 
I liclr surface i liiicn Imi'h l.o IHU7 (rt'f, Ml, During Hie pasl twenty years I lii'ru* ili'foniutiionii have 
In i*n invi'til Igated by innny workers ( ri'fn. M* 1 Hi. Tin* uni' of thermoplastic materials for holographic 
storage wim flrul demonstrated by Urbach mill Meier In IIKKI li’i'f. I Ml. 

Till' recording of a hologram in a I lii'mii iplunl b' inub'iial in done by introducing i.piillnl vnrm 
1 limn in (lie thickness of I ho thermoplastic film. Tito thlckni'iin vurliillonn correspond In (liffi'ronoi 
in flio laser-light inlonnily of a holographic fringe puilorn. The thermoplastic in usually a rouln typo 
material which In insensitive to light. Therefore, it In .formally lined In combination with a nennltivc 
photoeonduetor nueh an poly-N-vinylcurbazolc (ref. 111). 

B. Device Configuration 

A typical thormopluslio-photoeonduotor film ntorage device in shown in Fir - j he fhermo- 
plastie-photoconductor combination in plueed over u transparent electrode such as tin oxide (TIC I 
or indium oxide (InO). This transparent electrode acts as a ground plane to image charge of polarity 
opposite to that placed on the surface of the thermoplastic material, it is the electrostatic force 
between the charge on the thermoplauti . surface and the corresponding charge imaged in the 
ground plane which causes the thermoplastic material to deform. 


THERMOPLASTIC ___ 

PHOTOCONDUCTOR 
TIC 


■ III 



GLASS SUBSTRATE 


Figure 1. Thermoplastic-photoconductor film storage device. 


— o. ‘ym 










C. Corona Discharge 


A corona device consisting of a thin wire or wires at high voltage (-10 kV), and an electrically 
grounded shield is usually employed to charge the thermoplastic surface. The fine wire ionizes (he 
air because of the high electric field strength in its proximity. The ions are attracted to the thermo- 
plastic surface because of the electrically grounded transparent conductor, The ions are deposited 
onto the thermoplastic surface and hold by the charges induced in the transparent electrode. Thus, 
the Buriace of the thermoplastic material is charged to a uniform potential which typically is 
several hundred volts. 


D. Hologram Write Procedure 

For ease of visualizing the storage of a hologram in a thermoplastic material a recording 
sequence is described below and illustrated in Figs. 2A-E. 

In Fig. 2A, the thermoplastic surface has been charged positive by a corona-typo device, and 
is at a uniform potential. The corona is then turned off. 

FIRST CHARGING 





PH0T0C0N0UCT0R — H 


THERMOPLASTIC 
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EXPOSURE SECOND CHARGING 


LIGHT LIGHT LIGHT 


ui m m 


wm/rnummimm 
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DEVELOPMENT 


+♦+ 

mMMnnMnm 
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ERASURE 




mmmmmTmmmm. 





D E 

Figure 2. Thermoplastic hologram recording sequence. 
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Figure 2R shows tho distribution of charge within the photoconduetor layer subsequent to 
exponuro hy two Inner beams, which have been made to interfere with one another, The effect of 
the light in to excite charge camera within the photoconduetor, where they are then free to move 
toward the thermoplaatic-photoeonduotor interface under the force of the charg 'd therinopluBtic 
surface. 

In Fig. 2CJ, the corona-charging device haa again been turned on, and a new layer of charge 
deposited on the thermoplastic surface. The newly deposited charge distributes ilaell along the 
surface in a manner which allows the total electrostatic energy to assume a minimum value. Figure 
20 shows the distribution of charge which corresponds to this minimum energy configuration, and 
although a greater amount of charge is seen to aecumulate in regions of high light exposure, tin* 
surface is at a uniform potential. The corona discharge is removed subsequent to application of 
this second layer of charge. 

Figure 2D shows the configuration of the thermoplastic surface after momentarily applying 
heat to the then .oplastic material. The heat raises the temperature near the softening or melting 
point and the regions of higher charge accumulation and therefore higher electric field strength 
deform under the action of the greater attractive force which exists between the negative-imaged 
electrode charge and the positive thermoplastic surface charge. The thermoplastic material thus 
deforms in accord with local electric field strengths, and becomes thinner at the high field (illumin- 
nated) areas, but thicker elsewhere. As the heat leaves the composite structure, the thermoplastic 
cools to room temperature where the thickness variation remains as a permanent deformation. 

The hologram is thus recorded. 


E. Hologram Erase Procedure 

Figure 2E shows the storage structure subsequent to the reapplication of heat in the absence 
of corona discharge and light exposure. The reapplication of heat raises the temperature of the 
thermoplastic material to a value higher than that used to record the hologram. At this higher 
temperature, the thermoplastic material is restored to its initial smooth configuration under the 
action of surface tension forces. The reapplication of heat in the absence of corona discharge and 
light exposure thus corresponds to erP4Sure of the previously recorded hologram. In addition, any 
remanent charge which may exist on the thermoplastic surface is removed during erasure because 
of the increased electrical conductivity of the thermoplastic and photoconduetor at the elevated 
erase temperature. 
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III. FATIGUE 


A. Introduction 

The recording and erasure of a hologram in thermoplastic materials as outlined in Figs, 2A-E 
is soon to occur at specified softening or melting temperatures achieved by the transfer of heat to 
the storage material. Since many holograms exist in an optical memory system side by side on a 
common film, a change in the softening or melting temperature at any one hologram location 
makes it essentially impossible to write holograms over the entire storago medium with u constant 
heat energy. In the extreme, the melting temperature is higher than the temperature at which the 
material is destroyed. At intermediate temperatures, loss in the plasticity necessitates progressively 
greater values of electrostatic force to deform the material. This change in the softening or melting 
temperature is called fatigue. It usually occurs as a result of polymerization and crosslinking at 
the molecular level. 

Other mechanisms can also produce material fatigue. For example, tree resins such as staybe- 
lite are believed to fatigue due to oxidation at the surface of the film. This oxidation ostensibly 
occurs prior to the onset of any appreciable polymerization and crosslinking, and therefore is be- 
lieved to be the dominant fatigue mechanism in tree resins such as staybelite. 

B. Frost Temperature 

In order to investigate the fatigue mechanisms in polymer type materials, and to identify 
those factors which contribute to material degradation during the repetitive writing and erasure of 
holograms, work was initiated on the study of frost temperatures of styrene fabricated in varying 
stages of virgin polymerization. The frost temperature of a material is the temperature at which 
one observes the onset of scattering from a single beam of laser light made to fall uniformly over 
some region of the sample in the presence of a uniform corona discharge. Such scattering, or 
“frost” as it is commonly called, is observed to occur with substantially all thermoplastic materials. 

C. Frost Mechanism 

A mechanism believed to be responsible in part for the phenomenon is the inverse dependence 
of surface tension on the electrostatic potential at the thermoplastic surface due to lateral repulsion 
of like charges. In an analogy to the electrocapillary effect (ref. 20), the change in surface tension 
6 S may be expressed to a first-order approximation as the product of the surface charge density 
(o) times the mean-surface potential (0) measured from the transparent electrode. 


D, Mof+anicnl Vwmfl BlnetroHlutia Sirens 


If the change in oleetrnHtutie energy corresponding to the thickness vnri at ions in tho thermo- 
plastic in calculated under the assumption of n single harmonic mechanical contour, then it can he 
shown that the change in nurfaee energy b S in more accurately given an 

t „ - 2 /kK .... 

68 n - ((>) 

K + tanh kh 

whore k, K, and h are tho mechanical wave number, dielectric constant, and separation from the 
transparent electrode of the thermoplastic material. Since the total energy is a minimum value, 

6S is a measure of the negative of the change in mechanical energy by which the thermoplastic is 
mechanically stressed. Thus, the thermoplastic is seen to mechanically deform in the presence of 
both heat and electric field intensity with maximum stress occurring at maximum field strengths. 

E. Polymerization and Crosslinking Versus Frost Temperature 

1. Deposition procedure. — In order to evaluate the effect of heat and electric field intensity 
on the elastic properties of polymers, styrene films were fabricated with structures containing dif- 
ferent degrees of polymerization and crosslinking. The polystyrene films were fabricated by poly- 
merizing styrene molecules in a vacuum system. The initial rough-down prior to introducing styrene 
into the system was done at a pressure of about 1 nm. The styrene monomer [maximum vapor 
pressure » 3000 gm (3 torr)] with an additive (tert. - Butylpyrocatechol) for stability was bled 
into the vacuum system such that 100% evaporation yielded a pressure within the bell jar of about 
150 iim (.15 torr). The pressure was then increased to 500 jum (.5 torr) by bleeding air into the 
system. The styrene films were deposited on transparent TIC electrodes placed between two parallel, 
circular, stainless-steel plates each 760-pm thick, and separated from one another by about 2.6 cm. 
The energy necessary to polymerize (and crosslink) the styrene monomer was supplied by an alter- 
nating electric field generated by placing a 60 Hz — 480 VRMS voltage across the parallel circular 
plates through a 4000-ohm resistor. During the polymerization process, a blue-glow discharge (not 
an arc) is observed, and the activation (0.3 eV) to ionization (3.0 eV) energy ratio of 1:10 is be- 
lieved to produce a ratio of styrene activated to ionized monomer molecules of 10®:1; random 
collisions between the plates are rare, and the styrene polymerization is felt to occur because of 
the increased collision probability associated with higher retention times at the surface of the 
conductive films. Electrical contact was made to the transparent electrodes as shown in Fig. 3. 

The glass substrate was placed on a gold-plated 6-cm by 5-cm copper block, and a wire from a 
clip lead placed on the transparent electrode was soldered to a copper block which rests upon the 
lower plate. Styrene was simultaneously deposited upon as many as eight 5-cm by 5-cm samples; 
however, since the electric field exists between the upper and lower circular plates, as well as be- 
tween the upper plate and metallic film, the styrene is deposited on the lower plate as well as the 
sample. Thus, regardless of the particular number of samples employed during a given styrene 
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Figure 3. Sample connections during styrene deposition. 

deposition, eight copper plates must be positioned in the eight locations initially established on the 
lower circular plate; otherwise, these regions will be coated with styrene and electrical contact be- 
tween the copper blocks and the lower circular plate upon which the blocks rest will be lost. 

2. Molecular saturation control. — The high energy of molecular formation produces multiple 
crosslinking as well as polymerization of the styrene monymer molecules. The increase in pressure 
to BOO um (0.5 torr) by the addition of air was used to control the extent of the crosslinking. 
Although most of the samples fabricated contained 240-nm-thick poJystyrer* films, devices with 
styrene thicknesses between 160 nm and 320 nm were also evaluated. A 10-microliter volume of 
styrene monomer typically produces an 80-nm film over a 2681-cn^ area (upper and lower plates). 
Typical power consumption during the polymerization process decreases from an initial high of 

5 mW/cm^ to 0.5 mW/cm^, with the initial 480 VRMS decreasing to about 300 VRMS, and the 
initial 55 mA current increasing to 70 mA. The decrease in power results from the growth of the 
styrene film over the sample and plate areas. In high electric-field regions, the film is believed to 
grow in a macromolecular fashion with an entire coating along one strip possibly being one large 
molecule. It is noteworthy that the solubility of such compounds is inversely proportional to the 
molecular weight, and that these coatings remain substantially unaffected when exposed to con- 
ventional styrene or polystyrene solvents; this suggests molecular weights appreciably in excess of 
that normally associated with conventional polystyrene. 

3. Complex styrene analysis . — Mass spectrometer measurements were taken of vapor pressure 
in which the complex styrene coatings were placed in a chamber, evacuated, the pumping stopped, 
and the evolved species collected over a 15-minute period. Spectra were obtained from this sampling 
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procedure at 27"C, 54‘*C. 8G"C, UO"C, 12B"C, 14H"C, lM'C, 17 9"C, and 210" C. Figure 4 shown 
data taken from mass spectrometer moaHuromonl.fi illustrating tho ovolvod species, and showing 
that ntyrono coatings deposited in maximum Hold sbength rogionii arc quite stable up to tempera- 
turoR of 90" C. WhoroaH an anticipated spectra wuh observed under a similar measurement with 
ordinary polystyrene at about 100"(J, quantitatively Hmall species were evolved from the styrene 
coatings deposited in high-field regions, even at 210"C. The species detected were only slightly 
above the detection limit which is on the order of 10"^ to 10"^ pm (10"^ to 10 torn. At room 


temperature there was evidence of a species with a terminal (TI.j group. Another species de- 

tected was a C/gHg group. Figure B illustrates a structural configuration of the polymerized and 
crosslinked styrene coatings which is reasonably in accord with the evolved detected species, al- 
though other equally viable structures can be hypothesized. 









CROSSLINKING BEHIND 
PAGE. 


CROSSLINKING IN 
FRONT OF PAGE. 




BONO BEHIND PAGE. 

BOND IN FRONT OF 
PAGE. 


Figure 6. Complex styrene structural configuration. 


4. Molecular saturation versus electric field . — The variation in the polymerization and cross- 
linking present within the styrene films was achieved by means of glass substrates on which were 
etched seven strips of TIC (transparent electrodes). The glass samples were placed on top of the 
gold-plated copper blocks as shown in Fig. 3, but electrical connection was made to only the center 
"strip.'ln tKis way IKe electric field Intensily"between The upper" plate and’ the strips" was a’Hiaxi- 
mum over the center strip and a minimum in the region of the TIC strips furthest removed from 
the center of the sample. The technique for interconnection along with an illustration of the relative 
field strengths is depicted in Fig. 6. The decrease in electric field intensity from the center strip and 
along the three unconnected strips on either side serves to produce a gradient of molecular satura- 
tion with a substantially higher degree of polymerization and crosslinking in the styrene deposited 
along the strip at the center of the glass substrate, and lesser degrees of polymerization and cross- 
linking occurring in rough proportion to the separation of the strips away from the center strip, i.e., 
the point of electrical connection. 
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Figure 6. Electric field strength vs. electrode strip position. 


5. Test Data . — Tests were later conducted to investigate the effect of ohmic-heat and corona- 
discharge-induced electric fields on the frost temperatures of the different strips. Figure 7 typifies the 
distribution in frost temperature versus strip position which was observed. Styrene deposited on strips 
furthest removed from the region of maximum electric field strength exhibited frost at lower tem- 
peratures ~35°C, while styrene on strips in close proximity to the maximum field region frosted 
at higher temperatures ~50°C. No frost was observed at any time on styrene coatings deposited 
on the center strip, the region of maximum field intensity at temperatures up to ~100°C. 

6. Electric field induced fatigue . — A significant discovery was that whereas the strips could 
be heat-cycled between room temperature and ~50° with no significant change in the temperature 
at which frost occurred, subjecting the strips to about five cycles of corona discharge (depending 
upon corona intensity) in each instance raised the frost temperature until, at a temperature of 
~70°C the frost was permanently frozen in. Thus, regardless of the initial state of polymerization 
and crosslinking and the initial frost temperature, except for the center strip at which electrical 
connection was made, each strip suffered an increase in the temperature at which frost occurred, 
with the styrene exhibiting permanent frost at ~70°C. 

The increase in the frost temperature of the incompletely saturated coatings is attributable to 
increased polymerization and crosslinking due to the corona discharge. The permanent frost con- 
dition derives from a thermoset condition of the styrene resulting from a saturation of the poly- 
merization and crosslinking due to depletion of available covalent bonds. These results appear to 
be of general character, applicable to most crosslinked polymers. Additional work with resins and 
rubbers at RCA Laboratories and reported in later paragraphs support this conclusion. 
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MINIMUM ELECTRIC ELECTRIAL CONNECTION ► ALONG 

FIELD STRENGTH (MAXIMUM ELECTRIC SUBSTRATE 

FIELD STRENGTH) 

Figure 7. Frost temperature versus strip position. 



K. Complex Htyronn Structure 


Work was also done to ovnluiiM’ (he oloctrie-field-indueed structure oi llv 1 highly ufomtlinki’d 
complex styrene films. The styrene coatings worn invesfigal :i using x-ray diffruHomelory, electron 
diffraction, differential thermal analyst, and matin npeetrometry. Tin* renultn from them* tentn were 
connonant with one another, and niiowed the " •omplex" ntyrene filmn to contain an amorphoun 
structure of approximately fi-nm polycrystallitc (net* Fig. H), a glints trannition and melting leinper- 
ature respectively, of l'1(i"C and gOfi"C, and a vapor prennure id. 90 C ol 10^ pm (Id (orr), 
and at 1 r>()"t ! of -5 x Id' 7 /nn ("5 X ld' 1() torr), The high trannition and melting lemperaturen 
explain why front wan not observed in the center ntrip, and why it appeared to lie frozen in at 
~70"(\ The data also nhown that the complex ntyrene coatings art* quite amt*nahle to high 
vacuum une, an application of which more will lx* naid with regard to work on photoeminnion. 


G. Inhibition of Polymerization and Oronslinking 

In an attempt to prevent covalent band saturation via polymerization and crosslinking, styrene 
films were deposited using the vacuum system of Fig. 3 in which an additive was introduced during 
styrene deposition. A 0.85 styrene -0.15 octyl-decyl metaerylate composition monomer admixture 
was introduced in an attempt to plasticize the film in the absence of solvents. The use of solvents 
to plasticize styrene films has been shown to be detrimental to organic photoconductors of the 
kind employed in holographic-storage devices. For this reason, a glow-discharge technique was se- 
lected for the monomer admixture. However, in spite of every precaution, and using several fabri- 
cation procedures, sufficient polymerization and crosslinking occurred during deposition to render 
the styrene coatings non-deformable at practical temperatures ^ 120° C. 


H. Fatigue in the Absence of Heat 

1. Materials selection . — Conclusions regarding the fundamental mechanisms by which fatigue 
occurs in polymer materials indicated that these mechanisms should be present in polymers de- 
formable at room temperature. Although fatigue studies embraced a wide spectrum of materials 
including monomeric amides, lacquers and resins, an investigation was initiated to study the effect 
of electric fields from a corona discharge on elastomers. 

Dow Corning silicon elastomer #236 (dispersion) was selected because of the ease with which 
it deformed at room temperature. At no time was it necessary to apply heat to the material, and 
the corona discharge was the only external energy source to which the material was exposed. The 
silicone elastomer was applied to TIC coated glass substrates using both dip and spin type coating 
techniques. The range in film thickness was varied from 1 to 16 pm, with most tests conducted on 
coatings between 1 and 3 gm. Figure 9 shows the device structure. 
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DOW CORNING SILICON 
ELASTOMER # 236D_ 



GLASS SUBSTRATE' 


Ki^uro 9. Silicone #23(1 dispersion device structure. 

2. Experimental arrangement , The experimental urrungemenl used during the course of the 
investigation is shown in Fin. Id* Ue-Ne (032SA ) laser light of about 1 rnW power was made to lull on 
a beam splitter, and part of the beam (Beam B) to be deflected onto u mirror. Beams A and B were 
then made to superimpose on the sample at an angle of about 5 “ , with Beam A orthogonal to the 



Figure 10. Experimental arrangement for silicone hologram recording. 



surface. The higher order readout beams weie viewed til a later time on it whit* 1 screen |»l(t*’*'cl at 
a distance of about If* on lii'hiii*! Ill*’ sample using « »i*ly Hearn A Muring exposure In the rornna 
discharge, the charge distributed along the interface between 111*' I'Vli and the elastomer in a one 
In-one relnl innship lo the interference pattern mad*' l*v overlapping, two la*.* • heatm. on the I'VK 
deformable coat inf, sandwich, * l‘h* * dilTei’enliul I’oreett prod need Hv lb** une*piel charges produced 
holographic surfuee deCormalionii vvlueh dilTruchd 1 1 1 * * laser lit'.hl. 

il. Experimental tlala. Figure II in it I WIN pliolo|',raph (using **hli*|ne I i|«,lit inpt of Iht stir 
I’aee of bow Corning 236 tliaperiiion silicone elastomer stthsiMpienl to exposure hy Hie eorontt 
discharge, The figure shows Hull Hi*' surface deformations have h*'*'ii permanently alored In (lie 

allieon elaiilomer. 'I'lie esperinaad lints conclusively demonstrated that in the ala of hen!, 

tipplieal it tn of lit*' eoi’ona discharge caused permanent Ini i|', tie lo the partially poly merited and 
er*»nslinlo'd silicon elastomer, in accord with the eonelnsiotis drawn earlier from work employing 
styrene ns the deformahle material. 


* 
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Figure 11. Grating permanently stored in Dow Corning #236 dispersion. 

4. RTV 619 . — In order to evaluate the role played lay the eleetrie fields in the fatigue of 
deformable materials, and to examine the range of validity of the polymerization and crosslinking 
mechanisms discussed above, work was begun to study in detail the effect of corona induced 
fields on the elastic properties of room temperature vulcanized (RTV) rubbers. General Electric 
RTV 619 was selected for study because of the ease with which it deformed compared to other 
RTV rubbers, and because of its paste-like character which promised both greater surface move- 
ment and greater susceptibility to covalent-band closure. 





Tho devices wore fabricated in a manner similar to t hose which employed tho silicon elastomer 
(Fig, 0) except that HTV OH) was used as the del’nrmahle media. An analysis was done to learn 
whether the material fntiguo occurred at the onset of deformation, long after deformation had 
occurred, or while the material was deforming. The procedure was as follows: using the experi- 
mental arrangement of Kin. 10, two beams were mad< t< » interfere on the HTV surface; during 
exposure the corona discharge was turned on for several seconds, and then turned off, 

b, Kxperimeut id data, A permanent hologram was found to be recorded in the HTV indl* 
eating that, one cycle of corona discharge had permanently fatigued t 1 << material, presumably 
through electric field/eorona Induced polymerization and crosslin • i ’’igure I g is a IK photo- 
graph showing the readout from the hologram In which the eights r Is seen to be visible, 
because of the comparatively high intensity of the lower orders, Kig. Ill is a superposition of a 
U-g, !l-b and (KM order exposure in which the higher orders were sei|Uentially blocked using a piece 
of cardboard. The intensity of the higher order diffracted beams as well as the light, power incident 
on the sample (Beam A| was measured using a photodiode type detector circuit. In these measure- 
ments, the photodiode was placed between the sample and the viewing screen after the hologram 
had been permanently stored in the deformable media. Photographs were luter taken of tho perma- 
nently fatigued surfuee. Figures 1MA.B show u 192X and MtiOX, respectively, enlargement of the 
surface detail of the RTV Bit) from which the deformation wavelength was measured to bo -6.8 
gm, i.o., k -• 0.92 x 10 6 . 



Figure 12. Differential orders zero through eight (multiple exposure). 




Tho fatigue in the RTV material can be shown to occur while the film is deforming at a 
depth approximately equal to one-half of the film thickness, Since no heat is involved in the 
process, the polymerization, and crosslinking ostensibly occur in response to electrostatic energy 
supplied by the corona discharge. 


I. Conclusions 

A fundamental conclusion of this work is that partially polymerized crosslinked polymers are 
unsuitable for use as a deformable holographic storage material, and thut a fatigue-free deformable 
material must consist either of a completely polymerized and crosslinked polymer deformable at 
practical temperatures, or a material wherein sufficient molecular integrity exists to preclude 
further unit volume free energy reductions through molecular restructuring during repeated phase 
changes. 
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IV. MICROCRYSTALLINE WAX 


A. Introduction 

A survey of materials with fully polymerized and crosslinked structures wns initiated and con- 
ducted concurrent with the work described above. As a result of the survey, it was concluded that 
polymers with such structures are generally nondeformable at reasonable temperatures and magni- 
tudes of electrostatic force, in addition, they usually necessitate the use of solvents not compatible 
with conventional organic (sensitive) photoconductors. 

During the course of the materials investigation into fully polymerized and crosslinked polymers, 
a linear, low-molecular-weight hydrocarbon-polymer class of organic materials was uncovered which 
promised molecular structural integrity during thermal phase changes. This class of materials con- 
sisted of complex mixtures of normal paraffinic, isoparaffinic, and naphtheric solid hydrocarbons, 
and is commonly referred to in industry as microcrystalline wax. 

B. Structure 

1. Molecular stability . — Unlike paraffin wax which changes in molecular composition upon 
repeated liquification and solidification, and which is composed almost entirely of hydrocarbons of 
the normal-paraffin series, microcrystalline wax, in addition to the straight chain components, con- 
tains naphthenes and isoparaffins with properties that differ greatly from those of the normal- 
paraffin series. In this respect the microcrystalline waxes are unique; for example, intermediate 
waxes in addition to straight chain components also contain naphthenes and isoparaffins, but unlike 
microcrystalline wax the physical properties of the latter compounds differ only moderately from 
the normal-paraffin series. 

Although paraffin, intermediate and microcrystalline waxes can be found with identical melting 
points, their physical properties are quite different due to variations in chemical composition. The 
hydrocarbons of which microcrystalline wax is composed appear to double-over on themselves and 
self-interact in a fashion which produces a lower overall energy per molecule. This reduced energy 
state apparently imparts molecular stability during repeated liquification and solidification, and acts 
to produce a high degree of plasticity within the material. The molecule appears to be further 
stablized because of isolated, branched-chain and saturated, cyclic-ring structures which seem to 
attach themselves at points of imperfection along the straight hydrocarbon chain, as well as near 
the ends of the chain where straight-chain molecular attachments (and therefore changes in physical 
properties) most frequently occur. 

2. Physical properties. — The microcrystalline wax usually is found to contain an irregular and 
small crystalline structure, in sharp contrast to the large, well-defined crystals most often seen in 
paraffin wax; in addition to a comparatively high molecular weight, ~600-700, microcrystalline 
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waxoh nlfio have a higher boiling point and refraetive index. Although its melting point is also higher, 
thin film coatings have boon found to adequately soften at about 42°C, a temperature which is quite 
reasonable from a holographic memory systems viewpoint. 


Other characteristics of the microcrystalline wax are its approximately uniform molecular 
composition, thereby yielding a comparatively narrow -2-.T transition temperature, a dielectric 
constant of ~ 2.8 comparable to the PVK photoconductor, a reasonable dielectric breakdown 
strength ~10 7 V/m, a surface resistivity adequate for holographic storage O 1 5 ohms/square, and 
a viscosity ~6 centipoise, more than sufficient to accommodate ty picul electrostatic forces. 


C. Device Configuration 

1. Fabrication sequence. — Devices containing microcrystalline wax as the deformable media 
were fabricated using 2.6 cm by 2.5 cm, 2.5 cm by 5 cm, and 5 cm by 6 cm substrates. The different 
substrate sizes were useful in the many different kinds of experiments which were performed. The 
smaller substrates were employed in photoemission experiments where it was necessary to seal the 
samples in high-vacuum tubes. The large substrates were convenient for both process development 
for sample fabrication and evaluation of holographic storage over large areas. The intermediate 
(2.6 cm by 5 cm) substrates were employed for special-purpose experiments including definition of 
operating parameters such as temperature, heat-pulse duration, charge rate, etc. 

Both tin oxide (TIC) and indium oxide (InO) were used as the transparent electrode. Regard- 
less of substrate size, the general deposition sequence was as follows: glass substrate, transparent 
electrode, barrier layer (optional), photoconductor, and microcrystalline wax. This device structure 
is illustrated in Fig. 14. 

2. Chemical barrier. - The structure shows a barrier hyer, which was employed to prevent a 
chemical reaction between the photoconductor and the wax during experiments in which a constant 
thermal bias was applied to the wax. This constant thermal bias was accomplished by passing a dc 
current through the transparent electrode, which served to maintain the temperature of the wax in 
these experiments just below its softening or melting point. However, no such chemical reaction 
occurred if the heat was rapidly applied to the wax in the absence of thermal bias, i.e., if the trans- 
parent electrode was pulsed over time durations of the order of milliseconds with the wax normally 
maintained at ambient (~26°C) temperature. For these reasons, the barrier was usually employed in 
experiments where a thermal bias was present. 

3. Fabrication recipe . — A recipe which was found to be satisfactory for general-purpose 
sample fabricatio provides for dissolving between 0.8 g to 1.2 g of microcrystalline wax (depending 
upon the desired thickness) in 160 cc of N-hexane, and heating the solution to a temperature of 
about 60°-65°C. The TIC- or InO-eoated glass substrate with photoconductor layer is then immersed 
in the wax solution and withdrawn at a rate of 5 cm per second. When the protective barrier is de- 
sired, it is applied as follows: between 0.16 and 0.30 g (depending upon the desired thickness) of 
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Figure 14. Macrocrystalline wax device structure. 


Dupont Elvaeite 2013 is dissolved in 5 cc of acetone at a temperature of about 60°C; 50 cc of 
ethyl alcohol whose temperature also is about 60°C is then slowly added (drop by drop) to the 
5 cc acetone solution; the substrate ( TIC or InO-coated glass and photoconductor) is then sub- 
merged in the composite acetone-ethyl-alcohol solution and withdrawn at a rate of between 
2.5 and 5.0 cm per second (depending on the desired thickness). A very -high-quality protective 
coating chemical barrier is produced on the photoconductor, which does not contain any dis- 
cernible defects. It is found that only the #2013 resin is practical. Lower-molecular-weight resins 
do not dissolve in usable solvents, and higher-molecular- weight resins have incomplete molecular 
saturation which detrimentally and irreversibly polymerizes and crosslinks to produce non- 
erasable holograms. This occurs because of the same fatigue mechanisms discussed earlier; only 
in this instance it occurs in the barrier layer with Elvaeite resins of higher molecular weight than 
Dupont #2013. 

Although the fabrication recipe described above has been found satisfactory, additional 
process development work directed toward improvement of surface roughness is highly desirable. 
The surface of the microcrystalline wax as presently deposit* d contains many microscopic im- 
perfections which serve to scatter incident laser light. Figure 15 is a photograph of the readout 
of a 16 X 16 checkerboard pattern from a hologram stored in microcrystalline wax, in which the 
scattered light is easily visible. Several techniques exist whereby surface roughness could be sub- 
stantially improved, and the random scattering greatly reduced. 
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Figure 15. 16 X 16 checkerboard readout with scattered light. 


D. Surface Charge 

1. Corona discharge. — Experiments were performed and measurements taken which employed 
two different methods for supplying charge to the wax surface. The first technique used a corona 
discharge device, while the second method employed a unique, space-charge-neutralized, demount- 
able, glow-discharge chamber. The corona-discharge device consisted of a simple corona-discharge 
needle, which was separated from the sample by about 0.6 cm. Typically, a voltage of about 
5000 V placed across the needle and the transparent electrode of the sample was adequate to 
produce a corona discharge of about 5-10 juA. 

2. Corona properties. — Even though the distance between the needle point and the deform- 
able wax surface was controlled, and the corona current monitored, the corona-charging method 
with a single, unshielded needle contains characteristics which are undesirable. For example, the 
rate of charge and electric field intensity across the deformable surface tend to be nonuniform. 

In addition, dielectric breakdown occurs between the wax surface and the transparent electrode 
unless a control grid is employed and placed with about 25 pm of the surface. Unequal mechanical 
forces also exist along the surface due to bombardment by ionized air molecules within the non- 
uniform corona-discharge stream which can cause adverse effects; and thermal instability some- 
times occurs because of interaction between room air currents and the cooling effect associated 
with the corona discharge. Although many of these deficiencies can be circumvented through the 
use of techniques discussed in a later section, another approach to the problem was found which 
proved useful for the acquisition of data over a wide range of experimental conditions. 
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3, Demountable Blow diKdmrgo chambe r - A unique, demountable chamber wan developed, 
in whii'h the surface potential of the wax wan controlled by controlling the potential energy • f 
the inert gas molecules within a space-charge neutralised glow discharge, The ehamher is illustrated 
in Fig. 16, and was maintained at redueed ( ~ 1 I'l mm llg) pressure, The inert atmosphere provided 



Figure 16. Space charge neutralized demountable glow chamber. 

an environment free of ambient fluctuations. This letter feature proved to be of great value, and 
in several experiments permitted the practical maintenance of a stable temperature bias on the 
holographic wax storage media. 

4. Chamber properties. — A residual bias was found to exist in the chamber, which was 
reduced through use of a lower-molecular-weight gas (argon). Improvements in control of the sur- 
face potential were obtained by increasing the frequency of discharge excitation from 60 Hz to 
30 kHz. Confinement of the ac electric fields to regions removed from the deformable wax sur- 
face was achieved tmough design and construction of an all glass demountable tube. Figure 17 

is a photograph of one such design used in earlier work with smaller substrate samples. 

5. Chamber design. - The design of Fig. 17 reflects a major improvement over earlier 
versions in that all contaminants including glyptal have been eliminated from the chamber. This 
was made possible by having all electrical connections to the sample external to the tube, and 
installing the sample in u manner whereby only the microcrystalline deformable surface is ex- 
posed to the space-charge neutralized discharge. This method of sample installation is illustrated 
in Fig. 18. As shown in the figure, the coil supplies the ac voltage necessary to maintain the 
ionized state of the inert gas, whereas the dc battery via the center-tap on the coil is used to con' 
trol the potential at the wax surface via control of the potential energy of the ionized molecules 
referenced to the transparent electrode. 
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Figure 17. Photograph of all glass demountable glow chamber. 
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bourns. The experimental arrangement necessary to record such holograms i« .shown in Fig, 19. 
The diffracted orders from a typical M.fi-om by 5,0-em sample are shown in Kip, 80 A; a longer 
exposure lias been made in Kip, 80H to show the actual path of the diffracted laser light. 



Figure 19. Experimental arrangement for macrocrystalline wax 
hologram recording. 

2. Thermal bias above threshold . — Although numerous holograms were recorded and 
erased using corona-discharge devices, the use of the space-charge neutralized chamber permitted 
holographic read/write cycles under a variety of conditions not otherwise possible. In one in- 
vestigation, a constant-thermal bias was maintained above the temperature of wax-surface deforma- 
tion and the surface potential was controlled through use of a dc-voltage bias applied to the inert 
gas discharge. Holograms, which were observed with both reference and object beams simulta- 
neously present, disappeared upon removal of either one of the two beams; the holograms also 
were made to disappear upon removal of the dc-discharge bias or the ac glow discharge excitation 
voltage. 

3. Thermal bias instrumentation . — In other work a constant power unit was designed and 
constructed which multiplied the heater voltage and current applied to the transparent electrode, 
and maintained this product equal to some constant preset level. The constant-power unit had 
provision for u dynamic mode in which it was electronically disabled over time periods ranging 
from tens of microseconds to tens of milliseconds, during which nurrow-heal pulses were super- 
imposed upon the constant-thermal bias to yield controlled narrow-temperature excursions with- 
in the deformable wax media. This and other instrumentation used in the experiments are shown 
in Fig. 21. 
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Figure 20. Diffracted orders and laser light path. 







Figure 21* Photograph of inslnunonlution. 
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4, Thermal him; below threshold . In one experiment, Ihe mierneryntailine wax was 
mninlninnd at m eomitant-thermal him just beneath its melting temperature, and a current (heal ) 
pu| HP applied to the transparent eleetrode over an interval of 10 /i hit, Under these eonditionn, a 
hologram which had been previously stored in the wax was observed not to erase. The absence 
of erasure of the previously stored hologram over this time period, and at the level of applied 
power (up to l.b A into 100 ohms), indicated that surface restoration of the mieroerystnlline 
wnx occurs over intervals of time longer than 10 /wee. This result was substantiated in later work 
in which measurements were taken of the relationship between the heat-pulse amplitude and heal- 
pulse duration necessary to write and erase holograms in tin* mieroerystnlline wax media. 

5, Absence of fatigue, Using u corona-discharge device and the experimental arrangement 
of Kig. 19, experiments wen* performed uninterrupted over a 3-day period in order to evaluate 
whut fatigue, if any, would appear in the microcrystalline wax. A eoronu discharge was established 
and maintained continuously over this period during which two-beam holograms were successfully 
written and erased using repetitive heat pulses of 6-msec duration spaced several seconds apart. 
Well over 7000 mad/write cycles were performed on the microerystalline wax storage medium 
with no discernible fatigue. This experiment confirmed our expectations, and provided additional 
support of the conclusions in regard to material-fatigue mechanisms discussed earlier. 

Unlike the room-temperature vulcanized rubbers, microerystalline wax may bo regarded us 
incompressible in the regime over whicli holographic deformation occurs. In addition, surface 
rather than elastic energies interplay with the electrostatic energy to yield a surface contour for 
which both surface and electrostatic energies are a minimum. The condition for a stable-surface 
deformation is shown in Appendix A to be 


W 8 > 


d 

4s„ 


(7) 


where W u is the surface energy, d the period of surface deformation, s Q the wax thickness, and 

O 

V the potential along the wax surface. It is shown in Appendix A that the onset of frost in the 
wax occurs with periods longer than d and that 
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where n () is the surface charge density, and T the mtrfaee energy per unit area, thins tor bilge 
vahieii of wax thiekness s () , the frost spectrum is independent of the thickness, while for small 
values of thickness, the limilmr, Irosl wavelength deereases with the si|imre root <>f s (| . Defining 
the dielectric breakdown r.tienp;lh id the wax as V |( /s (( , Appendix A gives the stability 

criterion for recording holograms m the wax |F.q. ( 7 » | in terms of the pet unit area mm fin uergy 

o( the wax as 


T 


( '* 

«n v 

ks, / 


(t»t 


Taking s ( , I, on, k s, I. and K„ l<» 7 V/m. and T 1.10 " .1/nr for mieroeryslalline wax. tin- 

stability criterion imposed hy Fq, (9) is satisfied hy about an order id magnitude. However, as 
the temperature is increased above the softening point, an abrupt nonlinear decrease in the stir 
face energy T occurs, and the constraint imposed by Fq. (9) is no longer anticipated to hold. 


(>. Diffract io n efficiency versus heat-pulse amplitude. In order to evaluate the stability 
eriterion, as well as possible charge loss due to increases in electrical conductivity ol the wax with 
temperature, single pulses of heat were applied to the wax by pulsing the transparent electrode 
with voltage pulses of controlled amplitude. Measurements were taken of the intensity of the first- 
order diffracted beam as a function of heat-pulse voltage amplitude for each of several heat-pulse 
widthB ranging in duration from G to 10 msec. Figure 22 is a plot of the data, where for a given 
width of heat-pulse duration, the diffraction efficiency is seen to first increase with increasing 
heat-pulse voltage, reach u maximum value, and then decrease as the temperature is increased 
further. 


7. Diffraction loss versus surface energy . - The initial increase in first-order diffracted out- 
put is caused by the reduction in viscosity (surface energy) as the wax becomes softer. The de- 
crease in output efficiency beyond a certain value in heat-pulse voltage may be attributed to 
either or both of two effects: (1) a reduction in surface charge density (« 0 ) due to an increase in 
electrical conductivity with temperature thereby reducing the net surface forces, and/or (2) a 
reduction in surface energy below a value adequate to satisfy the criterion imposed by Fq, (9). 
Since the measurements were conducted using a corona-discharge device of copious emission 
(~2 /uA/mrn), and since the decrease in output efficiency is seen in Fig. 22 to be quite abrupt 
over a comparatively narrow increase in heat-pulse voltage (~2 %), it seems doubtful that a sharp 
increase in charge loss occurred in such a narrow temperature interval above and beyond that 
supplied by the corona discharge. This conclusion is also supported by other work in which in- 
dependent measurements of the electrical conductivity of the wax with temperature were made 
showing a maximum increase in conductivity by a factor of five over a temperature range ot 
about 40°0. The conclusion therefore is that the abrupt decrease in the first-order diffracted 
intensity with heut-pulse voltage, is most likely due to the nonlinear decrease with temperature ot 
the surface energy of the wax to a value insufficient to satisfy a stable surface contour | Eq. (0)1 . 
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Figure 22. First order output versus heut pulse umplitude for 
microcrystalline wax. 

8, Response time . — Of interest in the data is the decrease in diffraction-output efficiency 
with decreasing duration of the heat pulse. Analysis of the heat flow to and from the wax dis- 
cussed in a later paragraph indicates that the maximum output efficiencies shown in Fig, 22 
appear to occur at somewhat lower temperatures as the heat-pulse duration shortened. This means 
that the diffracted-output efficiency for the same temperature of wax is lower for narrower heat 
pulses. One explanation for this phenomenon is that the duration of the heat pulse is comparable 
to, and approaching, the inherent response time of the wax. Experiments done at heat-pulse 
widths down to 0.5 msec show the response time of the wax to be of the order of 2 msec. 

9. Surface energy versus chemical additive. — The speed with which the wax responds to 
the electrostatic surface forces depends upon viscosity and surface energy. In order to evaluate 
this factoi in greater detail, work was initiated to find a material which when added to the micro- 
crystalline wax would produce a substantial increase in the surface energy near the softening point 
of the wax. Dupont Elvax 310 was selected as the additive and samples were fabricated and 
evaluated. The results from these experiments are shown in Fig. 23. Note that although the initial 
first-order output intensity for a heat-pulse duration of 10 msec ap wars smaller than that of 

Fig. 22, they are of comparable magnitude due to the change in scale. The data shows a signifi- 
cant improvement in response time of the microcrystalline wax with the diffracted-output effi- 
ciency increasing with decreasing duration of heat-pulse width. The data indicates the response 
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HEAT PULSE AMPLITUDE (VOLTS) 


Figure 23. First order output versus heat pulse amplitude for 
microerystalline wax with additive. 

time to be considerably lower than 1 nu^e. However, additional tests revealed that after many 
repetitive cycles, the additive produced material fatigue due to corona discharge, induced poly- 
merization and crosslinking. This was traced to incomplete molecular saturation of the Elvax 
additive. 


10. Heat-pulse amplitude versus heat-pulse duration . - A thermal analysis was done on the 
heat-pulse amplitude and duration necessary to produce a given temperature in the wax coating. 
The analysis is given in Appendix B where it is shown that, to a good approximation, the thermal 
energy (W^) necessary to produce a given temperature is related to the time duration (i) over 
which it is applied as 

W 2 - C't (It ) 

t 

where C is some constant. Since the power in the heat pulse is simply the square of the voltage 
(V) divided by the resistance (R) of the transparent electrode 


34 


7T 








( 11 ) 


w 


V^r 

t p T 


Equations (10), (11) therefore Rive 

V^r 1:5 constant s C'H^ 

Measurements were taken to experimentally determine the relationship of the heat-pulso amplitude 
and duration necessary to write and erase holograms in the microcrystalline wax. The data is 
summarized in Pigs. 24 and 25, which are log-log plots of write and erase data, respectively. The 



Figure 24. Plot of heat pulse write amplitude versus pulse width. 


write data consists of the measured heat-pulse voltage and duration necessary to write a hologram 
in the wax storage media; the holograms were erased using a preset-erase heat pulse. The erase 
data consists of similar measurements in which the holograms were written using a preset write 
pulse. The data of Fig. 25 shows excellent correlation with Eq. (12), i.e., Vr 0 *^^ = constant. 

The slight departure from the fourth-power root evident in Fig. 24 is not surprising since both 
the charge leakage and surface-energy effects discussed earlier also { lay a role. 
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Figure 25. Plot of heat pulse erase amplitude versus pulse width. 


F. Microcrystalline Wax Summary 

A class of organic materials consisting of complex mixtures of normal paraffinic, isoparaf- 
finic and naphthenic solid hydrocarbons has been found which exhibits no discemable molecular 
structural change during repeated liquification and solidification. Commonly referred to in industry 
as microcrystalline wax, holograms were repetitively recorded and erased at least 7000 times under 
continuous corona-discharge exposure with no apparent fatigue effects. The unique physical 
properties of the material derive from: (1) widely differing compositional properties of the 
napthenes and isoparfine from those of the normal-paraffin series, and (2) a double-over self- 
interacting hydrocarbon chain which ostensibly imparts an overall lower energy and stability to 
the molecular system, and plasticity to the material as a whole. Other desirable properties include 
a narrow ~ 2-3° transition interval, adequate surface energy over this temperature range for stable 
surface deformation, a dielectric constant comparable to the PVK photoconductor, good dielectric- 
breakdown strength, adequate surface resistivity, low viscosity near the softening temperature, 
good response time, write sensitivity and readout efficiency, photoconductor solvent compatibility, 
and ease of thin-film fabrication. 
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A. Introduction 


Thf successful development of the micrncryslnlline wax an a holographic-storage medium 
useful al modest lemperu'ures ( *10—1 r»'*C - ) and energies ( 10^ <l/nini) resulled in its applies' 

lion for use in holographic-recording lubes, Tubes of various configurations were designed, 
eonslrueb’d and evaluated in wbieb eleelron healing and pholoeonduelive and pholoeinissive 
meebanisms were employed in conjunction with the wax storage medium. 


In one instance, slaybelite was used as a vehicle to evaluate a demountable vacuum chamber 
using a thermionic emitter for electron heating. The use of staybelib* as ti storage material is pre- 
sented in Vol. I of this report, and is therefore not discussed here. Although the material exhibits 
fatigue after several hundred write/erase cycles, apparently due to surface oxidation in conjunc- 
tion with bulk fatigue associated with impurities, its use in both the optical memory system and 
thermionic and photoemission holographic storage tubes proved of value in system and tube 
evaluation. Photoemission mechanisms employed both for heat addressing, and as a means to 
charge the deformable surface were used in tubes of various designs in which microcrystalline wax 
was used as the storage medium. Complex styrene was successfully used in these tubes as a bar- 
rier to isolate the wax from the high vacuum [ ' 10" 6 jum ('10' 8 torr)] . The styrene was suffi- 
ciently thin however (~80 nm) to allow surface deformation of the wax. The various holographic- 
recording tubes are discusseu below, including a unique corona-discharge chamber in which holo- 
grams were successfully written and erased over a 2-em by 2-cm area. This chamber together with 
the microcrystalline-wax storage medium proved to be the most successful of all the methods 
employed. Heat addressing was accomplished using about 80 mW from an argon laser. 


B. Thermoplastic Recording via an Electron Beam in a Demountable System 

To examine the behavior of thermoplastics under electron-beam bombardment, a demountable 
vacuum system, shown in Fig. 26, was built. This system incorporated an electron gun, deflection 
yokes, vacuum gauges, and a viewing window. The targets tested were thin (0.1-10 fim) films of 
thermoplastic on InO-coated glass substrates. The thermoplastics used were staybelite ester 10 and 
a commercial polystyrene PS-2. Several experiments were made with a photoconductive layer 
under the thermoplastic layer in an attempt to record holograms, but the mechanical vibrations 
due to the vacuum pumps were too severe to achieve success. 

By using the electron beam to charge the plastic, and resistance heating the InO-coated sub- 
strate, frost, patterns could be formed and erased. A magnified view of one such frost pattern is 
shown in Fig. 27. It is similar to frost patterns formed by conventional corona charging in normal 
thermoplastic recording. The charge needed to form the frost was approximately 10'° C/m . The 
accelerating voltage had to be kept below 3 X 10 8 V for efficient frost formation. Voltages higher 
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than thin lad to electron ponotrntion too far below the surface of the plastic to Ira useful in de- 
forming the film, It is noteworthy that the penetration depth of electrons is given by h •- 0,05? V 3 , 
where h is the penetration depth in pm and V is the accelerating voltage in kV. For acceleration 
voltages less than 3 X 10 3 V the penetration depth is less than .100 nm, while, for example, an 
acceleration voltage of JO' 1 V would imply penetration depths of greater than l /im greater than 
the film thickness in some experiments. 

The pressure in the system wns constantly monitored and it was found that in the initial 
* ‘ 1 
cycles, the pressure increased by several orders of magnitude |e.g. from 10" 1 ’ to 10' 1 pm (10 to 

1(H torr)]. After several thermal cycles, the pressure variations decreased. The pressure variations 

are probably caused by material evolved from the plastic during heating. Although the amount of 

material evolved could be limited by preheating the target, the implication of this experiment is 

that the problem of maintaining a vacuum in a sealed system using this material would be severe. 

The temperature of the target was monitored by means of a thermocouple. It was found 
that after a heat time of 1 or 2 seconds it took several minutes before the target cooled to its 
initial temperature. This is in agreement with the analysis given in Appendix B. 

C. Electron-Image Tube 

One of the methods examined to obviate the need for redundant selection of the page on the 
storage plane (that is, once by light and once by heat) involved the arrangement and structure 
schematically shown in Fig. 28. 



Figure 28. Experimental arrangement using electron-image tube. 
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The storage plane was u conventional, Ihermopluslie-photoeonduelor arrangement and the 
recording process involved the usual steps of charge-expose-charge and haul.. In this experm ent, 
however, both charging and heating were done with an electron beam generated by pholoemission 
from a pholocathode. 


The essential strueture in that of a proximity-focussed electron-image tube, with the target 
b(«in(.r the Ihermoplustio-pholoeonductor conductive-substrate arrangement. The tube is positioned 
ho that the reference beam is coaxial with the tube, and thus parallel lo the electric field between 
the target and photoealhode. When the reference beam is incident on the target (and therefore 
also on the photoealhode ), electrons are generated that are accelerated to and land at the same 
location on the target. At low accelerating voltage (of the order of 500 V) these electrons do not 
penetrate much below the surface of the thermoplastic. This structure allows a simple means to 
selectively charge 1 a particular location on the storage plane. To ensure that the absorption of the 
electrons does not cause heating, the accelerating voltage is kept low (< 500 V) and the current 
density is limited by using an attenuated reference beam. To heat the thermoplastic, which is 
necessary to develop the hologram, the accelerating voltage is increased (< 2000 V) and the inten- 
sity of the reference beam is increased, which leads to a corresponding increase on the electron 
beam intensity. 


Several experiments were performed to investigate the feasibility of this structure. Ihe 
targets used consisted of a 600-nm thermoplastic (staybelite ester 10) layer over a 2-gm photo- 
conductor (a poly-N-vinyl carbazole doped with trinitro-fleurenone) layer which was deposited on 
an InO-covered glass substrate. The size of the substrate was 2.5 cm by 2.5 cm. The target was 
mounted to a window of one of the standard RCA image tubes, and the InO was connected to 
the end ring of the image tube. 

The tube was sealed and the window opposite the target was activated with standard cesium- 
antimony layers to form a S-ll photocathode. The tube was baked at 75° C for about 24 hours 
to remove some of the contaminants. This low bake-out temperature was used to avoid possible 
damage to the staybelite-thermoplastic layer. 

The photoelectric sensitivity of the photocathode was measured to be 2-5 mA/W, i.e., about 
one-tenth of that normally obtained in this type of image tube. The decrease in sensitivity is due 
both to inadequate* bake-out and impurities introduced by the plastics. 

Because of the low sensitivity, light from a microscope lamp was imaged at the photocathode 
in the initial device feasibility tests, thereby avoiding switching of the reference beam intensity. 
The auxiliary source was imugod at the same location on the photocathode as the reference beam 
and at an angle, so as to minimize its effect on the photoconductor. 


Holograms were stored in the device by simultaneously applying light and eh urge while 
heating the film. A low voltage (<500 V) was first applied to the tube; the voltage was then 
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quickly increased to the* order of several thousand volts. During this time, the object and refer 
once beams and the auxiliary lamp were kept constant. 

These experiments were repeated numerous times with a number of different tubes. The 
results were repeatable. The successful recording of holograms in the device demonstrated a lech 
nique for noil-redundant selection of the storage-plane location. Figure 29 shows a reeonstrue 
tion from a hologram formed in one of the tubes. 



Figure 29. Electron image tube hologram reconstruction. 

The stored holograms were quite weak, with an efficiency of less than 0.1%. The maximum 
efficiency, with one exception, was independent of: (1) the accelerating voltage, (2) the duration 
of the exposure, and (3) the amount of light from the auxiliary source which controlled the elec- 
tron current. 


II 


Tht' holngmms llial were formed wort* not erasable. No combination of accelerating voltage, 
beam current, or length of exposure led |.o even a am all degree of erasure, U<-w holograms could 
be formed on neighboring regions of the same targol, bid. these too could not be erased. 


Upon repealed operation the tube went ('assy; that is, the pressure ill the tube went from 
its initial value of less than 10 ;J pin ( 1 (>“*’* ton ) to a value close to atmospheric. The initial 
indication of this condition was the appearance of a slight blue glow in the tube (due to a plasma), 
which became more intense as operation was continued. The plasma finally became too dense to 
support an electric field across the tube. Holograms could be formed even in the presence of this 
plasma, as long as an electric field could he supported across the tube. 


The operating life of the tube was 1-2 hours. The shelf life, that is, the lifetime of the tube 


when it was not operating, appeared to he unlimited. This indicated that material evolved from the 
thermoplastic under electron bombardment and subsequent heating caused the tube to become 
gassy, hater experiments with a demountable tube demonstrated that a considerable amount of 
material does evolve from the staybelite thermoplastic due to both heating and electron bombard- 
ment. 


The low efficiency and the lack of successful erasure are not completely understood. Other 
experiments have demonstrated that the cesium used in activating the tube is adsorbed by the 
staybelite, and it is therefore reasonable to suppose that a change in the electrical resistivity caused 
by the cesium led to the low efficiencies observed, i.e., the film could not be sufficiently charged. 
Changes in the chemical and physical properties of the staybelite caused by the cesium and 
electron-beam bombardment can be assumed to be responsible for the lack of successful erasure. 
Since other materials, notably microcrystalline wax associated with complex styrene, have been 
found which withstand the ravages of cesium attack and electron beam bombardment, the exact 
nature of the chemical, physical and electrical changes was not pursued. However, the concept of 
hologram formation in an electron image tube was demonstrated, as was automatic selection of 
a page location with no additional selection mechanism. 


D. Photoconductor Holographic-Recording Tube 

1. Photoconductor tube description. — In order to take advantage of the high sensitivity and 
readout efficiency of the microcrystalline-wax storage media, and also the automatic page selection 
possible using image conversion principles, several tubes were designed and constructed containing 
holographic storage structures of the kind illustrated in Pig. 14. The storage structure consists of 
an InO-coated glass substrate, PVK photoconductor, microcrystalline wax, complex styrene coating, 
and aluminum surface electrodes. Although the styrene and surface electrodes are absent from 
Pig. 14, the entire structure, together with a recent photoconductor holographic-recording tube de- 
sign is illustrated in Pig. 30. 
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Figure 30. Holographic recording Lube design. 


As can be seen in the figure, the storage structure is at one end of the tube; a photoemissive 
cesium-antimony layer was deposited on the TIC-coated face of the tube opposite the storage de- 
vice. A thermocouple was mounted behind and in contact with the glass substrate, and an anode 
collector was placed near the wax-complex styrene deformable surface. The anode collector was 
employed to measure secondary emission from the deformable surface during its bombardment by 
electrons photoemitted and electrostatically accelerated from the tube wall opposite the storage 
structure. An electrometer connected to the surface electrodes together with secondary-emission 
measurements were used to measure the potential of the deformable surface. Figure 31 is a photo- 
graph of one of the tubes in which another TIC coating was deposited along the length of the 
tube. This second TIC coating was deployed lengthwise in the tube and about its interior perim- 
eter, and connected to the InO transparent electrode of the storage device. This latter TIC layer 
was used as a focusing electrode and enabled electrons originating from the photoemissive tube 
wall, due to the incident laser beam, to be focused at various locations on the deformable surface. 

2. Cesium contamination. — The TIC layer along the tube wall was also coated with a layer 
of silver paste which served as a getter to prevent cesium released from a channel located at the 
photoemissive end of the tube from contaminating the storage device. However, in spite of these 
precautions cesium did reach the deformable surface and caused electrical leakage paths between 
it and the lands connected to the InO transparent electrode. These short circuits were sufficient 
to prevent the surface potential from climbing above -40 V under conditions of maximum photo- 
emission current (-250 gA). Attempts were made to use the surface electrodes to sustain surface 
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Figure 31. Photograph of holographic recording tube. 


potenti'ils of the order of several hundred volts, i.e., levels adequate for holographic recording. 

An external battery was connected to the aluminum electrodes, but excessive ohmic heating caused 
discontinuation of the experiment. 

3. Page selection . — It had been hoped that the holographic page could be selected through 
heat supplied by photoemitted electrons via the light selection mechanism itself, thereby elimi- 
nating the need for matrix-type ohmic heaters, and the additional problem areas that they en- 
gender. In addition, the automatic thermal page selection would have provided a minimum heat 
loss because of the concentration and dissipation of heat exactly at the desired page location. 

These advantages did not materialize, however, because of the electrical leakage paths incurred 
through contamination of the storage structure by cesium. 


E. Photoemission Holographic Recording Tube 

1, Page selection. — Several tubes were designed and constructed in work oriented toward 
I he recording of holograms using photoemission from the deformable surface. In this approach, 
two photocathodes are employed in the tube. One photocathode is made in the usual way by 
depositing a layer of antimony and cesium on top of the TIC-coated tube wall opposite the stor- 
age structure. The second photocathode involves a more complicated procedure, which results in 
a very-high-impedance photoemissive coating along the surface of the deformable medium. The 
photocathode at the tube wall opposite the storage device provides electrons in response to the 
incident laser beam, which are electrostatically accelerated and focused at a location on the 
deformable surface dictated by the particular address present at the laser deflection system. The 
heat dissipated at this location due to the bombardment of these electrons thus permits automatic 
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page selection, The phatoemissive coating on the storage device provides the meant) for establish- 
ing a charge pattern along the deformable mirfaee in a one-to-one relation to tint holograph ic- 
intonsity pattern emitted by the interference of the object and reference beamii. (The photoeon 
ductor layer of previous systems was an alternative way of establishing that- charge pattern,) 

2. Photocmlsslve deformable surface . — The problem of creating a photoemissive coating 
along the microcrystalline-wax surface turned out to be formidable because of the poor vapor 
pressure of the wax, and the propensity of detrimental chemical reaction between it and the 
cesium. It was discovered, however, that the molecular saturation present in the complex-styrene 
films (discussed earlier under material fatigue) enabled these films to remain chemically stable 
when exposed to cesium in high vacuum with no discernible reaction between the styrene and 
the cesium. Therefore, procedures were developed for polymerizing and erosslinking the styrene 
directly onto the surface of the mioroerystalline wax. Tubes were constructed which contained 
the composite wax-complex styrene structures, and techniques were developed whereby a photo- 
emissive coating was deposited on the complex-styrene films. These techniques permitted opti- 
mization of the photoelectric sensitivity of such coatings. Figure 32 is a photograph of one such 
tube in which the photoelectric sensitivity was measured to be 23 mA/W at 400-nm wavelength, 
and 6 mA/W minimum throughout the wavelength interval from 350 nm to 550 nm. Figure 33 

C U 

is a plot of the measured sensitivity. The tube was sealed at a pressure of 10'° gm (10*° torr), 






and measurements of the photoelectric sensitivity taken after a 0-day period showed 1 ho mime 
valueii an thorn 1 exhibited hy the tube at the time it was sealed. These men .nremi iil!. show that 
the pressure within the tube did not appreciably increase after a i» day period, and indicate that 
the cesium does not react with the complex -styrene film in such an environment, Similar results 
were obtained in later experiments, thereby confirming the capacity of the highly polymerized 
and cronslinked styrene to protect the wax in high vacuum from adverse reaction with cesium at 
temperatures at which the wax deforms, This work also established the capacity of the wax 
complex styrene-composite structure to withstand bake-out temperatures of tut) (’ ovei a V. I horn 
period. 


■'1, 1‘hotoemisHion tube description , Tubes were designed and constructed with the •true 
(lire shown in Figs. 30 and 31. The target structure was as shown in Kip, il l, and consisted of 
an InO-eoated glass substrate, mieroerystullmc-wnx film, complex-styrene coaling, aluminum sue 

fuce electrodes, and a layer of antimony and cesium deposited using pi which maximized 

the photoemission from the deformable surface. A surface 1 resistivity of 5 megohms per square 
was measured between the two suifuee electrodes, and the photoelectric sensitivity was observed 
to he about 1 gA per 10 mW of incident laser power at a wavelength of about 112 mn. 


ANTIMONY- CESIUM 
PHOTOEMISSIVE COATING 



Figure 34. Device structure for use in holographic recording tube. 

4. Surface resistivity. - All attempts at recording holograms by means of the photooinixsive 
mechanism from the deformable wax-styrene composite surfuce failed. One reason for the failure 
was due to the comparatively low surface resistance (-megohms/square). At typical levels of photo- 
emissive current, it was simply not possible to maintain adequute surface potential using only 
photoemission. 
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fi, Plniinomissivc holograph y versus deformation stability . An discussed in Appendix A, 
stable 'Worinutinns r<u|itin> thal Ihe change in surface mu*r^y necessary for a purl-inn nf tin* film 
Mil-face lo real'll Ihc trimspnicul electrode wilhin a half period nf Hie piiUnrn exceed Hie cleelru 
til ;d if energy originally iilnreil in Hie same ball-period. However, Ihe deluded ilineiiiiiiioo in 
Appendix <’ of the recording of holograms using a pholnemission meehani'im shows llial when 
lliin ni id tilily erilerion in naliafieil, Hie charge is Uiffevenl ially dinlribulcd along Ihe ileloruialile siir 
I'lit'i' Hue fo pholoemiiiiiiou proeeniien, and lioniog.'nioiiiily rcdiiitrihideii prior In ihe onset of Mirlne* 
depreniiinim. in Appendix if in iihown llial Ihe lime I neeeiiHiiry fo deform Ihe Mirfnee an 
inuoiiiit A x due lo a differeufial charge via a phofneinimiinn eurrenl of magnitude i (| in 


|{( ! r ‘ V ^ A 

2 ( r - 1 ) 1,1 i„Hf(r) 


1 1 Ha) 


where U and V are Ihe resistance and eapaeitanee of the holographically defined regions, H ( . the 
dieleetrie breakdown field of the microerystnlline-wax complex-styrenc composite coating, and 
t twice flu 1 ratio of the electrostatic stress (i : K|?) to the elastic stress (£), where 


f(r) 


r 

r-1 



1 

(r - l)(r- 2) 


,'ni) 


It is clear from Eqs. (13a, h), that holographic depressions occur only if the ratio of electrostatic* 
to-elastic stress exceeds unity. However, as shown in Appendix A, the onset of such deformations 
is not energetically stable, but instead produces a condition of frost, the presence of which was 
observed during evaluation of the photoemission holographic-recording tube. 


F. Laser Addressed Holographic Storage Chamber 

1. Heat transfer. — The work reported above on the holographic recording tubes served to 
emphasize a fundamental and detrimental cnaracteristie common to vacuum type environments 
viz., such tubes arc not suitable for thermoplastic holographic storage where heat must be trans- 
ferred to and from the storage device. Investigations performed on the space-charge, neutralized, 
demountable storage chamber discussed earlier (e.g., see Fig. 16) yielded similar thermal decay 
behavior. Unlike the high vacuum ~10' B jum (~10" 8 torr) tubes discussed above, the pressure 
within the demountable, glow-discharge chamber was of the order of 6 X 10 B pm (600 torr). 
Yet, despite the appreciably higher pressure, heat transfer from the substrate of the storage de- 
vice remained poor (~ seconds). 
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2, Demountable storage chamber . — The long thormul -decay time was an unfortunate result 
because of the many advantages such a chamber had to offer. The dc bias of the molecules of 
the space-charge neutralized glow provided a uniform potential across the surface of the holographic- 
storage media. The 5 X 10® pm (500 torr) inert atmosphere of the chamber nlso provided an en- 
vironment free of ambient, fluctuations, thereby permitting practical maintenance of stable- 
temperature bias to the holographic-storage device. The chamber was to be used in a unique system, 
in which thermal bias in conjunction with heat produced directly from absorption of the laser 
beam by the storage device would automatically select holographic pages at desired locations. 

Several demountable chambers were designed and constructed which provided for addressing over 
a 2-cm by 2*cm area. A photograpn of one such chamber, including keeper electrodes (used as a 
constant source of ions via a small dc potential) is shown in Fig. 35. In an effort to assist the 
transfer of heat from the substrate through increased pressure, measurements were taken of the 
dc electrical resistance of the chamber versus pressure for an argon inert atmosphere. The data is 
plotted in Fig. 36, where an optimum pressure is seen to occur at ~5 X 10® pm (~600 torr). 



Figure 35. Photograph of 2-cm by 2-cm demountable glow chamber. 

( 
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Figure 36. Plot of glow chamber resistance vs. pressure. 


3. Corona grid structure . — Because of the cooling effect implicit in a corona discharge, and 
the promise of more rapid thermal decay, work was initiated on a demountable, multiple-grid struc 
ture operating under ambient pressure ana corona-type discharge. Two-dimensional grids were con- 
structed over areas in excess of 4 cm^ using various wires ranging from 46 pm to 126 pm in 
diameter. Three kinds of grid structures were designed, constructed, evaluated and found to be 
unsatisfactory due to spacially-nonuniform charging characteristics, and day-to-day changes in dis- 
charg properties. Although improvement was obtained through the use of grids of finer mesh, the 
constraint of random access over a 4 cm^ area limited the number, diameter, and surface of the 
wires which could be employed. 

4. Corona chamber . — The basic problem was that of providing uniform charge to the de- 
formable surface over an area of at least 2 cm by 2 cm at ambient pressure, thereby allowing 
sufficient heat transfer from the storage device. An approach which proved to be successful in 
providing uniform charge, and through which holograms were satisfactorily recorded over a 
2-em by 2-cm area involved the use of a unique corona-discharge device, in which high voltage 
was supplied to a single-discharge needle via a two-dimensional electrostatic shield positioned 
orthogonal to the needle, and parallel to the deformable surface. The structure is illustrated in 
Fig. 37. The discharge needle was symmetrically separated from the deformable surface over a 
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distance adequate to provide a charge shadow in excess of 2 cm by 2 cm, A separation somewhat 
lnrger than 2.6 cm proved adequate, and this necessitated a corona voltage of about 16 kV. 
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Figure 37. Corona discharge structure design. 

6. Chamber description. — The corona structure consists of a 1.2-cm-long discharge needle 
positioned through a 376 gm hole ultrasonically drilled in a glass substrate, which is TIC coated 
on one side. The high-voltage connection to the needle is made via the TIC coating through a 
plexiglass frame in which the substrate is mounted. Care was taken to ensure that the TIC-coated 
discharge substrate was parallel to the deformable surface with the separation between the needle 
and the deformable surface controlled by means of four threaded screws, which connected the 
corona-discharge substrate and the storage device. The region of corona spray was insulated from 
effects of external air currents by means of a plexiglass shield placed about the corona-discharge 
structure. The shield contained demountable spacers, and a frame through which holes were 
drilled, ensuring equilization of ambient pressure to that inside the chamber. The shield also 
served to stabilize the temperature of the storage device during constant-corona exposure due to 
thermal bias via a dc current through the transparent electrode. A photograph of the corona- 
discharge chamber is shown in Fig. 38. 
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Figure 38. Photograph of corona discharge chamber. 

6. Laser-addressed storage device. — As indicated earlier in the sections on the photoconductor 
and photoemissive holographic-recording tubes, work on such tubes was motivated by the promise 
that matrix-type ohmic heaters could be eliminated, and that automatic holographic page selection 
would occur via photoemitted electrons in response to the laser beam. In addition, the tubes 
promised a means of uniformly supplying charge to the deformable storage media. Although these 
tubes did not behave in the desired manner for the reasons discussed earlier, the work did lead to 
the successful development of a configuration in which charge is provided sufficiently uniform 
over practical areas, and holographic pages are completely selected by means of the laser-deflection 
system at reasonable power levels. The corona-discharge chamber, which provides a continuous and 
uniform charge spray is discussed above and illustrated in Fig. 37. The corona structure was used 
in conjunction with a microcrystalline-wax photoconductor storage device to successfully store 
and erase holograms over the large area. Ohmic heating was used to thermally bias the wax to 
below its melting temperature, and an argon laser was employed to provide the additional power 
(~80 mW), which at selected locations, melted the wax in conjunction with the thermal bias 
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common to the large area. The successful recording and erasur< of holograms by tho Inner beam 
was possible only because of the sharp (~2"C) transition temperature of the microcry stalline- 
wnx storage media. A continuous corona discharge was used throughout the rend/write cycles, 
and a helium-neon 1 0 mW) laser provided the two-beam interference pattern. The experimental 
arrangement is shown in Fig. 39: the arrangement allowed convenient argon-laser (heat) switching 
by simply opening and closing a shutter as shown in Fig. 39. Page selection wns doin' by manually 
moving the storage device with respect to the laser beams. System deployment of the laser ad- 
dressed wax phase transition would incorporate a single laser in conjunction with an electronic 
light modulator as shown in Fig. 40. 
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VI. CONCLUSIONS 


Thf' objective of this research wan to investigate the ubp of thin deformable films iib the stor- 
age medium in a high-speed, random-access, read/write holographic memory. 

The main conclusion to be drawn from the work is that deformable films which use heat, us n 
a part of the recording process are not satisfactory for this application, because of fundamental 
thermal considerations. On the basis of both theoretical analysis and experimental evidence, it was 
found that the heating time and cooling time of a small area in a film subjected to local heating 
are in the ratio of approximately 1:1000. If the memory is to be truly random access, a time 
equal to 1000 heating times must elapse between successive write and erase operations. Heating 
times of the order of 100 jusec to 1 msec are possible, but even these result in cycle times of 
100 msec and 1 sec, respectively, which are too long for a high speed memory. Thus, in order to 
use heat deformable films, one must give up either high speed or random access. We emphasize the 
the restrictive nature of our conclusions because heat deformable media are well suited to serially 
accessed systems, particularly those in which the medium moves, because this permits very simple 
charging and heating stations. 

The fatigue problem, which plagued thermoplastics for many years, does not appear to be as 
formidible as it once seemed. One material that was developed during this contract has shown no 
fatigue after more than 7000 cycles. 

The two other major problems, i.e., charging and selective heating, are both tied to random 
accessibility. In a serial accessed system neither presents any fundamental difficulties. 
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APPENDIX A 


Surface Deformation in Macrocrystalline Wax 

Assume the wax to be distorted by a sinusoidal charge distribution deposited through the 
interference of two laser beams on a photoconductor as 

«(x) a a Q + aj cos kx (A') 


where k ** 2rr/d. 

Application of heat from underneath by ohmic heating of the transparent electrode permits 
the electrostatic forces to displace the liquified wax from regions of high-charge concentration to 
those of low-charge concentration. During this time, the charge is assumed essentially immobile on 
the distorted, but yet solid surface. The distortion will, in general, be maintained even when the 
film is completely liquified, and the surface charge can be regarded as mobile on the surface as a 
result of the higher image forces in the high-charge regions as compared to that in the low-charge 
regions. If the increase in surface energy necessary for a portion of the film surface to reach the 
transparent electrode within a half-period of the pattern, exceeds the electrostatic energy originally 
stored in the same half-period, then the wax film will assume a stable-distorted form with the 
period of the original-charge distribution. If this condition does not occur, then spontaneous frost 
formation will be observed as the wax is liquified. Assuming an equilibrium distortion, then the 
surface and electrostatic energies will acquire a minimum value over one-half of the period d. 

An approximate stability criterion is derived as follows: assume the surface contour y(x) is 
sinusoidal, i.e., 


s(x) = s Q - cos kx 


(A2) 


where s Q is the original wax thickness, then the increase in surface energy attributable to the 
distortion is 




0 



1/2 


+ sin 6 0 


- 1 


d0 


(A3) 
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whoro V is tho potential impressed on the wax surface. 

Initially, after the charge deposition given by Eq. (Al) on the flat surface, the potential 
distribution is 


l:L (x,y) <= A 0 y + A n sinh (kny) cos (knx) 


(A6u 


y < s 


0 2 (x»V) = B q + B n exp (- kny) cos (knx) 


y > s 


Using the following boundary conditions 


a(x,s) « e x Uy 


s ' e ° \3y 


0 1 (s) - <P 2 ( 2) 


the potentials solve as 


0i( x ,y) = jr y + wz coskx 


sinhk y 

1 

cosh Ks + — sinhks 
k 


coskx 


ex p [- k(y-s)] 
1 

tt + cothks 


a 



When the film has completely liquified, the chnrge can distribute itself along I lv surface which 
becomes an equipatential of magnitude V. The potential distribution within the film at y ' s(x) 
is given by Eq. (Ada) with new values for the coefficients A n , whereas for y s(x), 0 2 (x,y) 0, 

The coefficients A n are now determined by the single boundary condition 


A„ s(x) + ^ A n sinh(kns(x) cos(knx) V 
n c 1 


(Ail) 


for 


o < x < d/2 


under the constraint 


Noting that 


d/2 4 


/ft 0 ^ 

9y 8 
u 


1 + 


( dx ) dx c Jf 


d/2 

d x c / <;(x) dx 

0 


(A10) 


I 0 (kns 1 ) + 2 I 2m (kns 1 )cos(2mkx) 

m = 1 


sinh^kn s(x)^ c sinh(kns 0 ) 

-cosh(kns 0 )|2 ^ l2m + 1 ( kns l) cos lk(2m + 1) xlj- 
^ m = 0 


(All) 


cosh(kns(x)) = cosh(kns 0 ) i I Q (kns^) + 2 l2 m (kn8^)cos(2mkx)|' 


m= 1 


- sinh(kns 0 ) I 2 ^ I 2m + 1 (kns-j) cos [k(2m + l)xl| 
m = 0 


) 

(A12) 


substitution of Eq. (All) into (A9) yields the set of simultaneous equations for the coefficients 


OO OO 

A o s o + 2 A 2m l 2m (2m)sinh(2m)- A 2m + 1 I 2m+1 (2m+l)cosh(2m+l)- V 
m = 0 m - 0 


-A 0 «i + E A 2m+ 1 I 2m (2m + 1)+ l 2m+ 2 (2m + l) sinh(2m + 1) 
m- 0 


(Alda) 
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A ‘,im + + 4 (2m i 2) •<• l 2m (2m + 2)]nmh (2m -t 2) 

m - 0 

( a I :ic) 

" 2 A 2m i af2m + 1 (2m ' ! a)H 'Sm + n^ 01 1 a ) <,OHh(2m + a) ' A J 1 1 H ) + >;)< 1 >] ,,mh(1 > 0 

m “ 0 

for even N > 2 


T! A 2m + N [ I 2m^ 2m + N ^ + *2m + 2N^ 2m + N ll » lnh (2m + N ) 
m-0 


oo 

- £ A 2m + l + N[ 1 2m + l( 2m + 1 + N ) + 1 2m + l+2N( 2m + 1 + N )] co8h ( 2m + 1 + N ) 
m = 0 

(N-2)/2 

+ 2 A 2m[ I N-2m( 2m ) + I N+2m( 2m )| 8inh ( 2m ) 

m = 1 


(N-2)/2 

- L A 2m + l[l N -l-2m (2m + 1) + I N + 1 + 2m (2m + 1 j| • cosh (2m + 1) - 0 

m = 0 


(A13d) 


For odd N > 2 


S A 2m + N ! 2m (2m + N) + l 2m + 2N (2m + N) sinh (2m + N) 
m- 0 
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Substitution of Eq. (B-12) into B45 gives 


| |(A n /k) t y: 2m A 2m Ig m (2m) fOHh (2m) 


S (2m i 1 1 A,, uh1 l ?m + ] (2m t 1 ) ninh (2m + 1 ) !• 
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(Aid) 


m^O 


[l 1 (l) + l 8 (l)]Binh(l)j.* 


Equation (Aid) relates the potential V along the surface of the wax to the charge density (a u ). 
Assuming small amplitudes of deformation such that 

I Q (n) % l + j (nks 1 ) (A17a) 


Il(n) * ~ nk 8l 


1 2 
l 2 ( n ) * J ( nk8 l) 


and limiting the terms to second order in s-j, Eqs. (A13) and (Aid) yield 


A 0 * (V/s Q ) 1 + ^ coth (ks 0 ) 


A 1 * (8iV/s 0 ) cosh (ks Q ) 


2 2 

A 2 ^ (ks^ V/4s Q ) each (ks Q ) 
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The electrostatic energy in 
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Noting that Kq. (Alt*) gives the aurfuce potential uh 
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the electrostatic energy is 


W„ « 


8 0 d 


e j,. o 
4c i 


3 ks l 2 


1 - - — coth ks„ - ( k 8 1 ) csch k s„ 

4 s o ° 4 1 ° 


(A21) 


There are two limits to consider viz. 


8 o d : 


1-1 


/si\2 


for ks. 


“ nd »„<* 2 / 

w « * 4.-; "o 1 4 4 


3 k8 l 


(A22a) 


(A22h) 


for k s D » 1 

Equations (A22a,b) show that for thicknesses of wax small compared to the period of the disturbance, 
the energy change for a given surface churgc density (« 0 ) is proportional to the wax thickness (s Q ); for 
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wax thicknesses largo compared to d, the energy change in proportional to s Q 2 /d. The onset of spon- 
taneous deformation, i.e., frost, occurs with periods longer than d |Eq.(A4)] when 

jt ks-, 2 T 

r. vv - (A23a) 

" 4 


(2r 1 s ( ,T) 1/2 (A23h) 

1 

“*'* 4 ne-, 

d > 4 t (A23c) 

3a 0 2 

with k s Q » 1 

For large values of s Q , the frost spectrum is independent of s 0 , whereas for small values, the limiting 
frost wavelength decreases with the square root of s Q . Note that the stability criterion of Eq. (A23b) 
corresponds exactly to that of Eq. (A5). 

The assumption of free-mobile charge on the wax surface may not, in general, be completely 
valid. However, in this instance many ad hoc assumptions then become necessary. Taking cr(x) to 
be the actual charge density, the effective charge density £ (x) is then given as 


I ‘ 

i.e., for 


d > 


with k 8 Q << 


nnrf 


i> (x) = o(x) + (e 2 - e Q ) 




(A24) 


The potential both above and below the wax surface $(x,y) can then be expressed in terms of the 
effective charge density as 


0(x,y) 


d/2 
° - d/2 


oo 

^(r)drln 11 

n = -oo 


lx - r M) 2 + [y + s(r)] 2 
(x-rt nd)2 + [y - s(r)] 2 


(A25) 


Equation (A25) can be expressed (ref. 22) in terms of hyperbolic and trigonometric cosines 
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0(x,y) 


<j>( r)dr In 


cqbH k [y + s(r)| - cob k ( x- r ) 
cosh k [y - s(r)] - cor k (x - r) 


(A26) 


The quantity: can then be obtained by differentiating Eq. (A16). If «(x) iR 

known, the relation which results [taking account of Eq. (A24)]can be regarded as an integral 
equation for the above quantity, i.e., the induced charge distribution. Solution of the integral 
equation will then yield the potential distribution throughout space, and the corresponding elec- 
trostatic energy integral can then be evaluated. Although in principle, a procedure exists for deter- 
mining the contour in the absence of surface charge mobility, and which minimizes the surface, 
strain and electrostatic energy are subject to the condition 


(s(x) - s Q )dx 


(A27) 


it is not clear that the fruit of such a calculation would warrant the effort necessary to obtain it. 
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Heat Transfer in Holographic Storage Devices 

'Hie thermal analysis concerns the structure shown in Fig. 41, where a thin storage layer 
(typically compound of a thin-thermoplastic layer over a thin-photoeonduetive layorl in Hhown 
deposited on a glass substrate. Typical dimensions are a thickness of 2 to 5 pm for the* storage 
layer, and 3 to 6 mm for the glass substrate'. The total lateral extent of the storage plane* is at 
least 10 cm. In operating a holographic-memory system with automatic-page* selection, a small 
area of the storage plane of about 1-mm-dinmeter is heated; it is the temperature* e>f this small 
heated region that is of interest. 



t 

t 

I 


Figure 41. Heat transfer geometry. 



Some simplifying assumptions can be made: (1) the storage plane fills the semi-infinite re- 
gion z > 0 (since the area of interest is so much smaller than all other dimensions, this assumption 
will not significantly change the results); (2) there is no heat flow over the plane z = 0 at the top 
surface of the storage layer (we are thus neglecting heat losses by radiation, but this is a small 
effect for the small temperature deviations we encounter in thermoplastic recording); (3) the 
heat is applied uniformly in the volume of the selected region, i.e., the volume bounded by the 
cylinder |r| < a, 0 < z < b. (this is exactly the case for a thermoplastic heated by the absorption 
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of electrons or light, and experimentally appears to be a reasonably good approximation for a 
rosistivoly-hoatod npot); and (4) the thermal eharaclerisl ics of the storage layer la plastic) and the 
substrate (a glass) are identical (since the thermal decay times are determined mainly by the sub- 
strain, this is a reasonable assumption), 

The temperature is found by the aid of the concept of point sources of heal, and the method 
of images. We image a point source of heat somewhere in the volume bounded by |r| •' a, <>< /•'!>, 
where 2a is the diameter of the storage area and b is the thickness of the storage layer. We note 
that if the source point is at the location (x.y.z), the contribution of another equal-strength source 
located at (x,y,-z) (an image point) will yield a solution to the problem that maintains the bound- 
ary condition of no heat flow at the plane /, 0. Thus, the solution of the present problem, 

schematically shown in Fig. <11, may be found by solving the easier problem of the temperature 
due to heat generated in the cylindrical region |r| < a. -b < z < b, which is imbedded in an in- 
finite medium. In particular, the temperature at the origin (which is the surface of the storage* 
area in our problem) at the time (t), due to heat generated at the constant rate (A) per-unit- 
volume per-unit-time is (ref. 21) 


t b 2n a 



Ar e -(r 2 + z 2 )/4k(t - t’) 

---rt-.rt drdOdzdt 

SpcOwt - t')] 3/2 


(Bl) 


where p is the density of the medium, e is its specific heat, k is the thermal diffusivity defined 
by k = K/pc where K is the thermal conductivity. Integrating with respect to r, 0, and z we find 



This integral has been evaluated numerically, and Fig. 42 shows a plot of the temperature versus 
time for a 10 psec heat pulse. Note that for this case the temperature 10 psec after the termina- 
tion of the heat pulse (i.e., a time equal to the heat pulse) is about one-half the peak tempera- 
ture, but that the time needed to decay to 3% of the peak value is about 1000 times the heat- 
pulse duration. These two features, the time to decay to one-half and 3% of the peak tempera- 
ture can be demonstrated to scale for all heat pulse durations for which this model is valid. The 
extreme length of time necessary for the temperature to return to ambient may be appreciated 
by noting that for large times the temperature falls as 1/Vt. These results have been tested ex- 
perimentally and very close correspondence has been found between this theory and experiments. 
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Figure 42. Plot of temperature versus time for a 10 nsec heat pulse. 

As stated above, the film may be heated arbitrarily fast. The results above can be used to 
estimate the energy required to heat the film to a temperature V Q in a time t, but a simpler 
heuristic argument may also be used. 

The energy needed to heat an area of the storage layer to e temperature (V) is 

Q = pc V Ah (B3) 

with Q the total energy, A the cross-sectional area of the storage area, h the depth to which 
the film is heated, and p, c as given above. The energy per unit area, J, is then 


J = pc Vh (B4) 

Note that as we apply heat to the storage area, its effect will not be contained in that area but 
will spread. For short times we can assume that tne he*-., toot not spread laterally along the 
storage film but rather that most of the heat penetrates into the substrate (this is particularly so 
if the heat is applied via a thin resistive heater at one surface of the film). The total volume 
heated during the pulse will then be determined by how far the heat spreads. A good measure of 
this distance is 


h = VTT 


(B5) 
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where k is the thermal diffusivity, defined above, and T is the heat pulse duration. We then find 
that the energy required is 


J 


1/2 

pcV(kT) 


(B6) 


The power required is 


P = 


pcV (k) 


1/2 


(T) 


1/2 


(B7) 


Thus, the film can be heated to any temperature (V D ) arbitrarily fast, and the energy (E Q ) 
necessary to do this is of the form [Eq. (B6)] 


E q ^ = (constantH 

However, as shown in Eq. (B2) and Fig. 42, the deformable storage media cools over a compara- 
tively long time period. This theoretical result is confirmed by experimental findings, and shows 
that the ratio of the cooling to heating time is about 10 3 :1. This means that if heat is transferred 
into a thermoplastic-type storage media in 1 msec, the time required for the temperature to re- 
turn to its ambient value will be about 1 sec. Thus, the theoretical and experimental results show 
that the cycle time of a thermoplastic-type holographic-storage medium, where heat must be 
transferred to and from the storage device, is limited by the time necessary for the temperature 
of the storage medium to return to its ambient level. 
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APPENDIX C 


HOLOGRAM RECORDING CRITERIA USING PIJOTOEMfSSIVE MECHANISMS 


Assuming the introduction of a differential quantity of charge dq () along a region of the de- 
formable photoemissive surface (Fig. 43) and allowing some depression along that region in com- 
parison to an adjoining dark region, the capacitance C^ of the depressed region will in general 
differ from the capacitance C 2 of the adjoining region because of the differences in separation of 
the two regions from the transparent electrode. An equivalent circ uit is shown in Fig. 14, from 
which it is apparent that 

dq D = dq x + dq 2 < C1 ) 


dq^ = Cjdvi + VdCj 


(C2) 


v l-v 2 

dq 2 = C 2 dv 2 + VdC 2 — dt 


(C3) 


where V is the dc potential along the surface » v^,v 2 , and where R is the resistance which 
separates adjoining light-dark regions. Taking the differential force per-unit-area P due to depres- 
sion as proportional in a first order approximation to the relative displacement where C 2 < C-^ 
occurs both to depression of the light region and dark region elevation due to incompressibility, 
we have 

x D -x 

P = 2f — — = e 

x o 



from which 


2e 

x 



x(V + v 2 ) 
(2x 0 -x) 2 



+ 


x(V + v 2 ) 2 “ 
(2x q -x) 3 _ 


dx 



(C5a) 


which yields 


dx - 


'Jc 

2eE 2 _f 


(dv^ -dv 2 ) 


(C5b) 
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TRANSPARENT 

ELECTRODE 


Figure 43. Geometry of deformable photoemissive surface. 



Figure 44. Equivalent circuit of photoemissive holographic region 



Noting that 


dC l 

dv 2 " V c 2 + '2 tVj-Vgldt 


with 

'«V2 1 


we have 


with 


c E r 


dx » 


1 


2eE2-f ) 


dv l- V “ C 


dC x 
2 


r 2 (v l" v 2) dt 


dC x s - dC 2 


Since 


then 


and 



dx = 


C 


dx 

IT 


dx 


2E^e-f 




- r 2 (V!-v 2 ) dt 


V dx 
x dt 


e ^c j dv l 

eEj-f ( dt 


r 2 ( v l- v 2)| 



Noting Eqs. (C1-C3) we then have 

avi' + / 3 r 1 (v 1 -v 2 ) = 


(0-1) v^+vg' -flr 2 (v 1 -v 2 ) = 0 


where 

K^l'l » 1 


wapMM B wi^ gW B q J - - - 


72 



Equations (0 


for which 


with 

and 


where 


Noting 


we find 


a • • n 

(C!10d) 

‘•K? r 2 

fi-l- 0 - ~ 2"« 

£ "i E ( ? T 1 

(C10e) 

10a, h) solve for either v-^ or V 2 as 


a v" + 2|3rv' “ /3 r i o /0 

(Clin) 

V 1 ~ A e-T' 11 + -|c + D 

(Glib) 

v 2 = 0e~ yl + 2C + E 

(0 11c) 

A+D=B+E=0 

(Clld) 

7 s ^ h 2r(l-r) 

(Clle) 

* E c 

ts! t 

(Cllf) 

, 1 dt ll V dC l 

V 1 ~ C dt “ C dt 

(C12al 

v{ (0) = i Q /aC 

(C12b) 

0? 

1 

H 

< 

(C12c) 


B = (a/|3)i 0 R/4 


(C12d) 


and 


with 


V 1 r 


nt/Kc) + i(t/2( . 


/)/(» 1 - r 


(Cl da) 


(Clilb) 


(Cldc) 


The equations show that for r > 1, the potentials vj / v 2 and differential depressions occur, 
whereas for r < 1, the exponential terms rapidly disap))eur and Vj c v 2 ~ i 0 i/2C id time periods 
t » RC. The parameter r - 2 (cE 2 /£) is a figure of merit for the deformable muterial, and repre- 
sents the ratio of electrostatic to elastic stress. Thus materials in which surface depressions occur 
due to photoemission processes are those where the increase in surface energy necessary for a 
portion of the film surface to reach the transparent electrode within a half-period of the pattern 
is less than the electrostatic energy originally stored in the same half-period. It can be shown that 

(C14a) 


(C14b) 


(C14c) 


Equation (C14b) gives the time interval necessary to achieve a depression Ax = x Q -x. Taking 
f ~6-10 4 dynes/cm 2 and E c ~lo' 7 , then r «0.1 indicating that holographic deformation by photo- 
emissive processes will not occur. Noting that the EC time constant is the product of the resistivity 
per square reduced by twice the number of holographic lines, and the surface capacitance reduced 
by the same factor, the RC time constant is of the order of 25 X 10* 12 second, i.e., a time smaller 
by at least an order of magnitude than that given by Eq. (C 14c) for a 60-nm depression. 
However, the critical factor requisite for holographic recording via a photoemission mechanism is 
that 2c E 2 be greater than ?, a condition difficult to realize while satisfying constraints of deforma- 
tion stability. 


x Q - x 


! ° R JL. L + _i I e -2r(l-r)t 

8E C r-1 L (l-r)(2-r)J e 


from which 


RC 8E c Ax 


c = 


In 


2(r-l) i„Rf(r) 


where 


f(r) “ r-1 + (l-r)(2-r)] 
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